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The progenitors of the Drosophila central nervous system (CNS), called neuroblasts, segregate from the neurectoderm of
the early embryo in a stereotyped pattern. The neuroblasts that give rise to the brain segregate from the procephalic
neurectoderm and form three neuromeres, called protocerebrum, deuterocerebrum, and tritocerebrum. The expression of
the proneural genes of the achaete-scute complex (AS-C) is required for neurectodermal cells to acquire the competency
to form neuroblasts. We show here that the expression of the proneural gene lethal of scute (l'sc) is required for the
development of the majority of the procephalic neuroblasts. l'sc expression in the procephalic neurectoderm is controlled
by the head gap genes tailless (tll), orthodenticle (otd), buttonhead (btd), and empty spiracles (ems), which are expressed
in partially overlapping domains of the head neurectoderm. Loss of function of a given head gap gene results in the absence
of l'sc expression in its domain, followed by the absence of neuroblasts that would normally segregate from this domain.
Loss of tll function results in the absence of all protocerebral neuroblasts. otd functions in a domain that includes a large
part of the protocerebrum and a smaller part of the adjacent deuterocerebrum. Both ems and btd are required in partially
overlapping subsets of neuroblasts of the deuterocerebrum and tritocerebrum. q 1997 Academic Press
INTRODUCTION blasts that give rise to the ventral nerve cord. The concerted
action of gap genes and pair rule genes speci®es an intricate
pattern of expression of a group of regulatory genes calledThe insect central nervous system (CNS), comprising the
proneural genes in the ventral neurectoderm from whichbrain and the ventral nerve cord, is formed by a group of
neuroblasts will segregate (Ghysen and Dambly-Chaudiere,progenitor cells called neuroblasts. Neuroblasts arise in a
1989; for recent review, see Jan and Jan, 1993; Campos-stereotyped pattern from the ectoderm of the early embryo.
Ortega, 1993). Proneural genes encode proteins that form aEach neuroblast is a uniquely identi®able stem cell that
network of interacting transcription factors most of whichgives rise to a ®xed lineage of neural cells. Neuroblasts
belong to the bHLH family. Three of these genes, achaetebecome committed to produce a particular lineage at an
(ac), scute (sc), and lethal of scute (l'sc), which are groupedearly stage, in some cases even before they segregate from
together in the achaete-scute complex (AS-C), are expressedthe ectoderm (Chu-LaGraff and Doe, 1993). Mechanisms
in small clusters (``proneural clusters'') of cells in the neu-specifying the pattern and commitment of neuroblasts in
rectoderm (Cabrera et al., 1987; Romani et al., 1987; Skeaththe early embryo thus largely control the structure and
and Carroll, 1992). Expression of the proneural genes is be-function of the mature CNS.
lieved to render cells competent to form neural progenitors.The genetic control of neuroblast formation in Drosoph-
By means of cell±cell interaction within each proneural
ila has been studied in considerable detail for those neuro-
cluster, mediated by a group of genes called neurogenic
genes (for recent review, see Campos-Ortega, 1993),
proneural gene expression becomes restricted to one single1 Current address: Biochemistry Department, Northwestern Uni-
cell which subsequently segregates as a neural progenitor.versity, Evanston, IL 60209.
In embryos mutant for proneural gene function subsets of2 Current address: School of Life Science, National Yang-Ming
neuroblasts do not form (Jimenez and Campos-Ortega,University, Taipei, Taiwan.
1990). The expression pattern and activity of the genes of3 Current address: Caine Veterinary Teaching Center, University
of Idaho, Caldwell, ID 83605. the AS-C is modulated by several other transcription fac-
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tors, notably daughterless (da; Caudy et al., 1988), extra- the AS-C. It is also not known how proneural gene expres-
sion is controlled in the head of the embryo, since gap genesmacrochaete (emc; Ellis et al., 1990; Garrell and Modolell,
1990), hairy (h; Ohsako et al., 1994; Van Doren et al., 1994), and pair rule genes, which control proneural gene expres-
sion in the ventral ectoderm, are not expressed in the anlageventral nerve cord defective (vnd; Skeath et al., 1994; Jime-
nez et al., 1995), and iroquois (Gomez-Skarmeta et al., of the brain. In the course of genetic screens several regula-
tory genes involved in head development have been identi-1996).
Little is known about the genes controlling the neuro- ®ed. All of these genes (which, in the following, will be
referred to as ``head gap genes'') are expressed in distinctblasts which give rise to the brain. The archetypic insect
brain is formed by three neuromeres called protocerebrum, domains of the head and, when mutated, lead to defects in
the head structures derived from the head ectoderm, includ-deuterocerebrum, and tritocerebrum (Fig. 1). Based upon
morphological landmarks, aided by the expression domains ing the brain (for recent review, see Cohen and JuÈ rgens,
1991; Finkelstein and Perrimon, 1991; JuÈrgens andof the segment polarity gene engrailed (en), all three neu-
romeres have been recognized in the neurectoderm of the Hartenstein, 1993). Among the head gap genes are tailless
(tll), which encodes a nuclear receptor transcription factorDrosophila embryo and the larval brain (Hirth et al., 1995;
Younossi-Hartenstein et al., 1996). Deuterocerebrum and (Pignoni et al., 1990; Margolis et al., 1995) expressed in all
protocerebral neuroblasts (Rudolph et al., 1997). tll loss-of-tritocerebrum are considered modi®ed segmental ganglia
arising from the antennal and the intercalary segments, re- function mutations result in the absence of most of the
brain, the optic lobe, and the cuticular structures derivedspectively. The segmental organization of the protocere-
brum, as well as the anterior-most part of the head ectoderm from the acron (Strecker et al., 1988). orthodenticle (otd)
and empty spiracles (ems) encode homeodomain proteins.from which it derives, is enigmatic. Traditionally, a single
segment, the labral segment, has been recognized anterior otd is expressed in a circumferential domain of the cellular
blastoderm from about 70±90% egg length (EL; Finkelsteinto the antennal segment; the remainder of the anterior head
was considered homologous to the unsegmented tip of crus- and Perrimon, 1990); mutations in this gene show defects
in the epidermal derivatives of the antennal segment andtacean and annelid embryos called acron (reviewed in JuÈ r-
gens and Hartenstein, 1993). It is possible that one or more acron. It was recently shown that, in late embryos, loss of
otd function leads to a severe reduction of the protocere-rudimentary segments are ``hidden'' in the acron, as re-
cently suggested by Schmitt-Ott and Technau (1992; see brum (Hirth et al., 1995). ems is expressed in an asymmetric
circumferential domain in the cellular blastoderm, ex-also Schmidt-Ott et al., 1994, 1995).
We have recently established a wild-type map of brain tending from about 70 to 75% EL dorsally and to 88% EL
ventrally (Dalton et al., 1989; Walldorf and Gehring, 1992).neuroblasts (Younossi-Hartenstein et al., 1996) and shown
that the proneural gene l'sc has a widespread expression In ems mutant embryos, defects are observed in the interca-
lary and antennal segments, as well as in an ill-de®ned pre-in the head neurectoderm from which brain neuroblasts
segregate. By analogy to their demonstrated function in the antennal region. In the nervous system, loss of ems function
results in defects in the deuterocerebral and tritocerebralestablishment of neuroblasts in the ventral neurectoderm,
it is reasonable to assume that proneural gene activity also neuromeres (Hirth et al., 1995). buttonhead (btd) encodes
a protein with sequence similarity to the human transcrip-initiates neuroblast formation in the head neurectoderm.
This hypothesis, however, has not been directly tested by tion factor Sp1 (Wimmer et al., 1993). It is initially ex-
pressed in a domain spanning 70 to 90% EL; this domainanalyzing the phenotype of loss-of-function mutations in
FIG. 1. (A) Sketch of neuromeric organization of the developing ¯y brain (lateral view; anterior to the left, dorsal to the top) at blastoderm
stage (top), larva (middle), and adult (bottom). The blastoderm anlage of the brain (PNE procephalic neurectoderm) forms part of three
modi®ed head segments (lr, labrum; as, antennal segment; ic, intercalary segment) and the acron [ac; according to recent ®ndings the
acron may also constitute a segment called ocular segment (Schmitt-Ott and Technau, 1992)]. The acron/labrum (purple) gives rise to the
protocerebrum (pr), the antennal segment (orange) to the deuterocerebrum (de), the intercalary segment (turquoise) to the tritocerebrum
(tr). Together, these three neuromeres form the brain hemisphere of the larva, which becomes the supraesophageal ganglion of the adult.
The adult subesophageal ganglion (sb; gray) represents part of the ventral ganglion of the larva; it develops from three segments (md,
mandible; mx, maxilla; lb, labium) of the ventral neurectoderm (VNE). Other abbreviations: an, antennal nerve; lb/mx/md, nerve to
mouthparts; lr/hy/fc, nerve to labrum, hypopharynx, frontal connective; on, optic nerve; ta, thoracoabdominal ganglion. (B) Map of
Drosophila brain neuroblasts. Shown is a schematic lateral view of the head of a stage 11 embryo with groups of neuroblasts delaminating
at different stages. Dashed lines subdivide the region into anterior (Pa), central (Pc), and posterior (Pp) protocerebral domains, anterior (Da),
central (Dc), and posterior (Dp) deuterocerebral domains, and tritocerebral (T) domain. Numbers in circles indicate groups of neuroblasts as
de®ned by position and expression of the markers svp and ase in a previous study (Younossi-Hartenstein et al., 1996). Protocerebral
neuroblasts are shown in purple, deuterocerebral neuroblasts in orange, tritocerebral neuroblasts in turquoise. Color intensity of protocere-
bral and deuterocerebral neuroblasts re¯ect the time at which they segregate (dark coloring: SI and SII neuroblasts, delaminate at stage
9/early 10; intermediate coloring: SIII neuroblasts, delaminate at late stage 10; light coloring: SIV and SV neuroblasts, delaminate at stage
11). All tritocerebral neuroblast belong to the SIV/V class.
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FIG. 2. Expression pattern of the tll gene. (A±C) Lateral views of the anterior part of stage 8 (A), stage 10 (B), and late stage 11 (C) embryo
probed with a tll cDNA. (D) Schematically depicts tll expression pattern (hatching) in relationship to brain neuroblast map (see Fig. 1B).
tll expression coincides with the protocerebral domain of the head neurectoderm. White dotted lines in A show approximate boundaries
between anterior (Pa), central (Pc), and posterior (Pp) protocerebral neurectoderm. A high-level-of-expression domain (HL; magenta in D)
can be distinguished from a low-level-of-expression domain (LL; purple in D); in addition to these domains, tll is expressed in the optic
lobe (OL) at a later stage. tll expression is typically highest at a location at which neuroblast segregation is about to happen, as exempli®ed
by expression in domains giving rise to Pp1±4 neuroblasts during late stage 10 and Pp5/6 neuroblasts during late stage 11.
includes the anlagen of the antennal, the intercalary, and gap gene. Failure of l'sc expression is followed by the ab-
sence of neuroblasts and, at later stages, defects in speci®cthe mandibular segments. Absence of btd activity results
in defects in all of these segments (Cohen and JuÈ rgens, 1990, parts of the brain that are normally produced by these
neuroblasts. Loss of tll function leads to the absence of1991).
We show here that the head gap genes are expressed in all protocerebral neuroblasts. Mutations in otd affect
most (but not all) parts of the protocerebrum, as well aspartially overlapping domains of the head neurectoderm
where they are required to turn on and/or maintain the a substantial population of the adjacent deuterocerebral
neuroblasts. Loss of ems and btd function affect partiallyproneural gene l'sc. In loss-of-function mutations of each
of the head gap genes, l'sc expression is reduced or absent overlapping subsets of neuroblasts of the deuterocere-
brum and tritocerebrum.in the domain of expression of the corresponding head
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markers asense (ase) and seven-up (svp), 23 small groups ofMATERIAL AND METHODS
neuroblasts were identi®ed (Younossi-Hartenstein et al.,
1996; Fig. 1). The ®rst 7 groups of cells that segregate (Pc1-Fly Stocks and Egg Collections
4, Dc1-3, Dp1; collectively called SI/II) arise from the cen-
As wild-type stock we used Oregon R. The following mutations, tral domain of the protocerebral and deuterocerebral neu-
which are described in Lindsley and Zimm (1992) if not otherwise rectoderm, respectively. Later groups form anteriorly and
indicated, were used in this study: tllL49/TM6b, Df(3)tllPGX [the posteriorly of the earlier ones, leading to a centrifugal in-
latter completely removes the tll locus; tllL49 and Df(3)tllPGX are
crease in the procephalic neuroblast population. SIII neuro-identical with respect to their brain phenotype], otdH1/FM7c (ge-
blasts (Pa1-4, Pp1-2, Dp2) arise during stage 10, SIV neuro-netic null; Wieschaus et al., 1984; Finkelstein et al., 1990), ems7D99/
blasts (Pa5-6, Pp3-4, Da1, T1-2) during early stage 11, andTM3 (EMS-induced allele of ``strong'' class; JuÈ rgens et al., 1984),
SV neuroblasts (Pp5, Pdm) during late stage 11 and earlybtdXG/FM7 (EMS-induced allele of ``strong'' class; Wieschaus et al.,
1984), Df(1)sc-B57. stage 12. At early stages (st. 9±10) it is possible to identify
Flies were grown under standard conditions at room temperature the groups of procephalic neuroblasts on the basis of their
or at 257C. Egg collections were done on yeasted apple juice agar position relative to external landmarks, such as the ce-
plates. Embryonic stages are given according to Campos-Ortega and phalic furrow, the stomodeum, and the dorsal and ventral
Hartenstein (1985). midlines. This enabled us to characterize the expression
pattern of the head gap genes, described in the following,
without having to resort to using speci®c markers for neu-Markers
roblasts.
Expression of the proneural gene l'sc was visualized by cDNA The head gap genes are expressed in speci®c domains of
probe for the l'sc transcript (Cabrera et al., 1987). Neuroblasts were the procephalic neurectoderm and neuroblast segregating
labeled by PlacZ insertions H162 (in the svp gene; Mlodzik et al., from it. Early tll expression (blastoderm stage) covers the
1990; Doe, 1992) and F2.0 in the asense (ase) gene (Jarman et al., anlage of the entire brain. Starting at around gastrulation,
1993). The differentiation of brain neuropile was analyzed with a
an anterior-dorsal region with a high expression levelmonoclonal antibody against the Fasciclin II protein (Grenningloh
(called HL domain; see also Rudolph et al., 1997) can beet al., 1991).
distinguished from a posterior-ventral domain expressing
tll at a somewhat lower level (LL; Fig. 2A). The HL domain
Immunohistochemistry and Histology coincides with part of the central and anterior part of the
protocerebral neurectoderm. The LL domain covers the
Expression of b-galactosidase (b-Gal) in enhancer-trap lines and
remaining part of the protocerebral neurectoderm. Corre-promoter constructs was detected with a polyclonal anti-b-galac-
spondingly, tll can be seen transiently in all groups oftosidase antibody (Cappel; dilution 1:2000). The anti-Fas II antibody
protocerebral neuroblasts. otd is expressed in a circumfer-was diluted 40-fold. For staining, embryos were collected, dechorio-
ential domain of the cellular blastoderm from about 70nated, and ®xed for 30 min in a mixture of 4% formaldehyde in
PEMS (.1 M Pipes, 2 mM MgSO4, 1 mM EGTA, pH 7.0) with hep- to 90% EL (Finkelstein and Perrimon, 1990; Rudolph et
tane. They were devitellinized in methanol and further prepared al., 1997). During gastrulation, otd expression becomes
for antibody labeling following the standard procedure (e.g., Ash- restricted to a domain which encompasses most of the
burner, 1989). protocerebral and an adjacent part of the deuterocerebral
neurectoderm (Figs. 3A and 3B). All neuroblasts segregat-
ing from this domain transiently express otd during stagesIn Situ Hybridization
10±11; they clearly include groups Pc3-4, Pa3-6, Pp1-2,
Digoxigenin-labeled DNA probes were prepared following manu- Pp5, Da, Dp2, and possibly, Dc1, Dp1, and part of Dc2.
facturer's instructions (Genius kit; Boehringer) using full-length btd is initially expressed in a domain which reaches from
cDNAs of the AS-C gene l'sc (Cabrera et al., 1987; kindly provided 70 to 90% EL and includes the anlagen of the antennal, the
by Dr. S. Campuzano). In situ hybridizations to whole mount em- intercalary, and the mandibular segment, as well as the
bryos were prepared according to the protocol of Tautz and Pfei¯e acron. With the beginning of gastrulation, expression disap-
(1989). Embryos were dehydrated and embedded in a 1:3 mixture
pears from most of the procephalon, except for small do-of methyl salicylate and Canada balsam.
mains in the posterior part of the deuterocerebral and the
tritocerebral neurectoderm and a dorsoanterior patch which
partially overlaps with the dorsoanterior protocerebrumRESULTS
(Figs. 3C and 3D). This latter domain continues to express
until late st. 12, when it ingresses as part of the dorsomedianThe Head Gap Genes Are Expressed in
protocerebral domain. Both the late deuterocerebral and tri-Overlapping Sets of Brain Neuroblasts
tocerebral btd domains contain few, if any, neuroblasts. ems
is expressed in an asymmetric circumferential domain ofA total of 75±80 neuroblasts which segregate in a stereo-
typed pattern from the procephalic neurectoderm during the cellular blastoderm, extending from about 70 to 75%
EL dorsally and to 88% EL ventrally (Dalton et al., 1989;embryonic stages 9±11 give rise to the larval brain (Fig. 1).
With respect to their position and the expression of the Walldorf and Gehring, 1992; Rudolph et al., 1997). During
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gastrulation, this pattern resolves into two stripes which do form (data not shown). For example, in mid stage 11
wild-type embryos, all Pc neuroblasts have produced 3±4occupy the anterior part of the deuterocerebral neurectod-
erm and the mandibular metamere, respectively (Figs. 3E progeny. In AS-C mutant embryos of comparable age, sev-
eral of the Pc neuroblasts had no progeny at all; others hadand 3F). In addition, a small circular domain corresponding
to the tritocerebral neurectoderm appears ventrally of the only 1±2.
deuterocerebral stripe.
Head Gap Genes Control the Expression of the
Proneural Gene l'scThe Proneural Gene lethal of scute (l'sc) Is
Required for Brain Neuroblast Development In embryos lacking the activity of the different head
gap genes, speci®c l'sc proneural domains, as well as neu-In the ventral neurectoderm, proneural genes of the AS-
C (ac; sc; l'sc) are expressed in metamerically repeated clus- roblasts derived from these domains, are absent (Figs. 4
and 5). Surprisingly, the pattern defects appear during theters of neurectodermal cells (proneural clusters) shortly be-
fore neuroblasts segregate (Skeath and Carroll, 1992). Dur- later stages of l'sc expression; the early l'sc expression
domains are unaffected (data not shown). In all head gaping segregation, AS-C expression increases in the neuro-
blasts and decreases in the neighboring cells which remain mutant embryos, the l'sc domains missing fall within the
domains in which the corresponding head gap genes arein the ectodermal layer. In the procephalic neurectoderm,
only l'sc shows a widespread dynamic expression in large expressed. Thus, in tll, mutant embryos, l'sc expression
is absent from the entire protocerebral neurectodermgroups of cells each of which give rise to several neuroblasts
(``proneural domains''; Younossi-Hartenstein et al., 1996). from st. 10 onward (Fig. 4B). Similarly, in otd, most of
the protocerebral l'sc expression is missing from stageFigure 4A shows these domains for one time point; a more
complete documentation of the l'sc expression pattern is 10 onward (Fig. 4C); however, corresponding to the more
restricted protocerebral expression of otd in comparisongiven in Younossi-Hartenstein et al. (1996). l'sc proneural
domains are distributed over the entire procephalic neurec- to tll, the dorsal most part of the Pa domains are still
present in otd mutant embryos. Defects of l'sc expressiontoderm; most, if not all, brain neuroblasts transiently ex-
press l'sc. in otd mutant embryos also occur in the deuterocerebral
neurectoderm. In both ems and btd, l'sc is expressed nor-Deletion of the AS-C results in the loss of most brain
neuroblasts (Fig. 5C). In embryos carrying the de®ciency sc- mally in the protocerebrum (Fig. 4D) and defects occur in
the deuterocerebral, tritocerebral, and gnathal domains.B57 which removes the entire AS-C, all of the neuroblast
clusters visualized by the svp marker show reduction in These defects are quite pronounced in btd mutant em-
bryos where the Da, Dc, and T domains of l'sc expressionsize, ranging from total absence (in particular the later segre-
gating neuroblasts such as Pa3, Pp1) to a moderate reduction are entirely gone. Defects in ems mutant embryos are
more subtle (data not shown); this is consistent with thein number (e.g., the Pc3 neuroblast group which contains
5±6 cells in wild type, compared to 2±4 in embryos de®- more restricted expression of ems in the procephalon.
cient for AS-C). In many AS-C-de®cient embryos, weak svp
expression is seen in ectodermal cells at the surface of the Mutations of Head Gap Genes Lead to Loss ofembryo at locations where svp-positive neuroblasts nor-
Speci®c Subsets of Brain Neuroblastsmally appear (not shown). In addition to causing the failure
of many neuroblasts to segregate, loss of AS-C function Mutations in all head gap genes result in characteristic
defects in the population of brain neuroblasts; this ®ndingvariably affects the proliferation of those neuroblasts that
FIG. 3. Expression pattern of the head gap genes otd (A, B), btd (C, D), and ems (E, F). Panels of left column show lateral view of late
stage 10 embryo probed with cDNAs of the head gap genes; panels of right column schematically represent expression patterns of
corresponding genes in relationship to brain neuroblast map (see Fig. 1B). In the in situ preparations, groups of procephalic neuroblasts
can be identi®ed on the basis of their position relative to external landmarks, such as the cephalic furrow, the stomodeum, and the dorsal
midline (Younossi-Hartenstein et al., 1996). In the drawings of the right column, procephalic neuroblast groups are indicated by the same
numbers as in Fig. 1. Expression of the head gap genes is indicated by purple hatching. otd is expressed in a major part of protocerebral
neurectoderm giving rise, among others, to Pc3/4 and Pp1/2 neuroblasts. In addition, part of the deuterocerebral neurectoderm (e.g., the
domain giving rise to Dc1/2 neuroblasts) also expresses otd. Hatching with thin, broken lines in B indicates groups of neuroblasts in
which only a not further speci®able fraction of cells express otd. The dorsalmost part of the protocerebral neurectoderm, giving rise to
Pa1/2 and Pc1/2 neuroblasts, does not express otd. The btd gene (C, D) is expressed in a narrow dorsomedian stripe (Pdm) which includes
but a few anterior protocerebral neuroblasts. In addition, btd is expressed in a region dorsal of the optic lobe primordium (dol) and several
small patches of expression in the antennal, intercalary, and gnathal segments which may include only few, if any, neuroblasts. btd, at
the blastoderm stage, is expressed in a wide domain including the anlagen of the entire antennal and intercalary segments (not shown).
ems (E, F) is expressed in stripe-like domains covering part of the deuterocerebral and tritocerebral neurectoderm. Some, but not all, of
the central and posterior deuterocerebral and tritocerebral neuroblasts are included in the ems-expressing domain.
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FIG. 4. Expression of the proneural gene l'sc in procephalic neurectoderm of wild type (A) and embryos homozygous mutant for tll (B),
otd (C), and btd (D). All panels show a lateral view of stage 10 embryos probed with a l'sc cDNA. In the wild type, l'sc is expressed in a
number of relatively large, con¯uent domains from which several neuroblasts delaminate [Da, anterior deuterocerebral domain; lDp, late
posterior deuterocerebral domain; lPp, late posterior protocerebral domains; Pad, anterior-dorsal protocerebral domain; pas, posterior
antennal stripe (produces no neuroblasts); Pdm, dorsomedial protocerebral domain]. In tll mutants (B), domains of l'sc expression falling
within the protocerebral neurectoderm (e.g., Pdm, Pad, lPp) are absent (arrows). otd mutants (C) show a similar phenotype in the protocere-
brum (arrows point at positions of l'sc domains Da, lPp, and Pdm which are absent or reduced in otd), except that much of the Pad
domain is still present. Also, part of the deuterocerebral domains of l'sc expression (e.g., Da, Dc) are eliminated. In btd mutants (D), part
of the deuterocerebral l'sc domains (arrow) and l'sc domains located further ventrally/posteriorly are eliminated.
correlates well with the above described defects in l'sc ex- Pc1/2 and Pa1/2 neuroblasts are less or not at all affected,
in line with the fact that the neurectoderm giving rise topression (Fig. 5). In tll, all protocerebral neuroblasts of the
Pa and Pp groups are missing; most Pc neuroblasts appear these cells lies outside the otd domain of expression (see
Fig. 3A). The Pc3 neuroblast cluster is present, although itto segregate normally (Fig. 5D). In otd mutant embryos,
most protocerebral neuroblasts and some deuterocerebral derives from the otd domain. Among deuterocerebral neuro-
blasts, most of the Da and Dp neuroblasts and a smallerneuroblasts are absent (Fig. 5E). Among the missing neuro-
blasts are (most or all) of the Pc4, Pa3-6, and Pp cell groups. number of Dc neuroblasts are missing. Defects in ems and
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FIG. 5. Defects in brain neuroblast population in embryos de®cient for the AS-C and various head gap genes. All panels show lateral
view of stage 11 embryo in which neuroblasts are labeled by the expression of svp (A, C, E, F; expressed only in subset of neuroblasts) or
ase (B, D; expressed in all neuroblasts). (A, B) Wild-type pattern. Representative neuroblast groups are lettered (see Fig. 1). (C) Embryos
lacking the AS-C show severe reductions in brain neuroblast map. Some early neuroblasts (e.g., Pc3, Dc3) can still be recognized; most
later neuroblasts (SIII-V; e.g., Pp1, Pp3, Dp2) are lacking entirely. (D) tll mutant embryos show normal number of deuterocerebral neuroblasts
(e.g., Dc3, Dp1/2) and strong reduction of protocerebral neuroblasts. Some of the early protocerebral neuroblasts (e.g., Pc3/4) are still
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btd are restricted to the deuterocerebrum and tritocere- normalities in the stomatogastric nervous system which in
wild type projects via frontal connective to the tritocere-brum. In btd, most of the early neuroblasts of this region
(Dc1±4; Dp1) seem to develop normally. The later deutero- brum. In ems mutants, these axons form a dense tangle
anterior to the brain, frequently without connecting to anycerebral neuroblasts (Dp2) do not appear. Similarly, tritocer-
ebral neuroblasts are probably missing, although this is dif- central structure.
®cult to judge because the population of ventral neuroblasts
has shifted anteriorly toward the deuterocerebral neuro-
blasts (Fig. 5F). Some tritocerebral neuroblasts could remain DISCUSSION
and mingle with the ventral neuroblasts.
Head Gap Genes and Proneural Gene Function in
Brain DevelopmentLate Brain Defects in the Head Gap Gene
Mutations
The majority of neuroblasts that give rise to the Drosoph-
ila brain depend on the function of the proneural genes ofIn all head gap gene mutants, the early de®cits in the
neuroblast population lead to a brain that is reduced in size the AS-C, in particular l'sc. This gene is widely expressed
in the procephalic neurectoderm, as opposed to ac and sc,and shows speci®c topological alterations (Fig. 6; see also
Hirth et al., 1995). These defects were analyzed by using an which appear in a few restricted cells only (Younossi-
Hartenstein et al., 1996). Correspondingly, embryos lackingantibody against Fasciclin (Fas) II, an adhesion molecule
expressed by neurons and glia cells which serve as the sub- the entire AS-C (Df(1)sc-B57) show a severe reduction in the
number of brain neuroblasts, whereas embryos homozygousstrate for many of the axon fascicles of the brain and ventral
ganglion (Grenningloh et al., 1991). FasII expression in the for aberrations deleting only ac or sc do not show any defect
(V.H., unpublished). In the ventral neurectoderm, l'sc is alsobrain includes one large, coherent domain encompassing
part of the tritocerebrum and deuterocerebrum (D/T on Figs. detectably expressed in the large majority of neuroblasts
(Cabrera et al., 1987; Romani et al., 1987; Martin-Bermudo6A and 6B), as well as several small, serially arranged clus-
ters in the protocerebrum (P1±4). The formation of the neu- et al., 1991; Skeath and Carroll, 1992), as opposed to ac and
sc, whose expression is more restricted, although it clearlyropile of the brain is initiated from these centers (Fig. 6B):
Axons extending ventrally from the D/T domain form the surpasses expression of ac and sc in the procephalic neurec-
toderm. It has been postulated that there must exist othercervical connective and the subesophageal (tritocerebral)
commissure. In the protocerebrum, ventrally directed axons proneural genes outside the AS-C which function in a re-
dundant fashion with the AS-C, since in embryos carryingfrom P4 and P3, as well as dorsally directed axons from
P1, converge onto cluster P2. The P2 cluster subsequently deletions of the entire complex, only a minor fraction (20±
25%) of neuroblasts is missing (Jimenez and Campos-Or-elongates medially and links up with its contralateral coun-
terpart, thereby forming a track for the supraesophageal tega, 1990). Loss of brain neuroblasts resulting from a dele-
tion of the AS-C is more substantial, although not complete,commissure.
In tll mutant embryos, the protocerebrum is almost com- supporting the view that other, as yet unidenti®ed,
proneural genes may exist.pletely missing, as evidenced by the absence of the FasII
clusters P1±P4 and the supraesophageal commissure (Figs. One of the main results of our study is that proneural
gene expression and, thereby, neuroblast determination in6C and 6D). In otd mutant embryos, the protocerebrum is
strongly reduced in size; smaller defects occur also in the the brain is controlled by the head gap genes tll, otd, ems,
and btd. Thus, in embryos mutant for any of these genes,deuterocerebrum (Figs. 6E and 6F). Of the FasII-positive neu-
ronal clusters laying down the neuropile core, only a rudi- the pattern of l'sc expression and subsequent neuroblast
delamination shows speci®c defects that correlate well withmentary D/T, P3, and one additional protocerebral cluster
which could not be speci®ed are present. In ems and btd the domain of expression of the corresponding head gap
gene. It will be interesting to show whether, as predictedmutant embryos, the protocerebrum is normal, but the
deuterocerebrum and tritocerebrum are reduced in size. Fre- from these ®ndings, overexpression of the head gap genes
lead to an expanded and/or prolonged expression of l'sc (inquently, no cervical connective (between deutero/tritocere-
brum and ventral ganglion) forms either uni- or bilaterally preparation). Our results place the head gap genes in the
same category as the pair rule genes which control(Fig. 6G). The absence of tritocerebral neurons leads to ab-
present, but all later neuroblasts (e.g., Pp1, Pa1) are missing. (E) otd mutant embryos show severe reduction in both protocerebral neuroblasts
(e.g., Pp1, Pp3, Pa1 are absent) and deuterocerebral neuroblasts. Compare small leftovers of the Dc3 and Dp1/2 groups (Dc3p and Dp1/
2p, resp.) with corresponding groups in wild type (A). (F) btd mutants show no signi®cant defects in the protocerebrum but have a
severely reduced number of deuterocerebral neuroblasts (Dc3p and Dp1/2p point at remnants of the deuterocerebral neuroblast population).
Tritocerebral neuroblasts are absent; alternatively; they could be spared and grouped together with ventral neuroblasts (vc) which in btd
mutants are drawn anteriorly.
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Expression Pattern and Function of Head Gap
Genes in Relationship to Neuromere Boundaries
As suggested by previous work (Hirth et al., 1995; You-
nossi-Hartenstein et al., 1996) and put forward in the Intro-
duction of this paper, the Drosophila larval brain can be
subdivided into three neuromeres, protocerebrum, deutero-
cerebrum, and tritocerebrum. Whereas the origin of the lat-
ter two units, according to most authors, can be assigned
to individual segments (the antennal and intercalary seg-
ments, respectively), this is not possible for the protocere-
brum, whose metameric origin is heavily disputed. Do the
domains of expression and/or requirement of the head gap
genes coincide with neuromeric boundaries? According to
the results presented in this paper, such a correlation seems
to exist only for tll, but not for the remaining head gap
genes, which are expressed and required in domains includ-
ing parts of two or more adjacent neuromeres.
For the purpose of the following discussion, it seems ap-FIG. 7. Genetic control of early neurogenesis. In the segmented
propriate to distinguish between an early (blastoderm) andgermband, segmentation genes (e.g., pair rule genes, segment polar-
ity genes) control the expression of proneural genes; in the head, late (gastrulation and later) expression pattern of the head
head gap genes may be responsible for this step. Expression of gap genes. During the blastoderm stage, all head gap genes
proneural and neurogenic genes in proneural clusters result in de- are expressed in cylindrical or horseshoe-shaped, nested do-
lamination of individual neuroblasts. Neuroblasts divide asymmet- mains circling the anterior part of the embryo. These do-
rically into ganglion mother cells and neurons. mains can be placed in relationship to the fate map of the
blastoderm which, for the head, rests entirely on fatemap
altering experiments (i.e., assigning laser induced lesions
performed at a given blastoderm position to later defects inproneural gene expression in the trunk (Fig. 7). Thus, defects
the corresponding larval structure; JuÈ rgens et al., 1986). Itin AS-C expression corresponding to the expression do-
should be noted that, in contrast to the segmented germ-mains of the pair rule genes were described in mutations of
band, molecular segmental markers (e.g., en) are not ex-these genes (Skeath et al., 1992).
pressed in the head at this early stage. The otd and btdDo the head gap gene products, all of which constitute
domain at the blastoderm stage includes the entire proceph-transcription factors, directly control proneural gene tran-
alon (70±90% egg length); the ems domain is similar, in-scription? To date, a direct interaction between upstream
cluding the anlage of the intercalary and antennal segment,regulators and proneural genes has been demonstrated only
but leaving out much of the labrum/acron. By contrast,for hairy and iroquois (Van Doren et al., 1994; Gomez-Sar-
early tll expression covers the acron, but does not reach asmeta et al., 1996). Hairy protein represses ac expression in
far posteriorly as the domains of otd, ems, or btd.proneural clusters of the wing imaginal disc which give rise
At a later stage (i.e., starting around gastrulation), theto the thoracic microchaetes. Searching the l'sc upstream
expression of all head gap genes becomes more restricted.sequence for potential Tailless binding sites (Steingrimsson,
With the possible exception of tll, which is restricted to1992; Pankratz et al., 1992) yielded one consensus binding
a region corresponding exactly to the acron and/or ocularsite 510 bp upstream of the transcription initiation site,
segment, none of the expression domains of the head gapwhich provides a hint at the possibility that tll may directly
activate proneural gene expression. genes coincide with procephalic segments as de®ned by the
FIG. 6. Defects in brain differentiation in head gap gene mutants. Photographs of left column (A, C, E, G) show lateral views of embryonic
brain in which anti-FasII antibody was used to label subsets of neurons/glia cells which pioneer the neuropile. Diagrams in right column
(B, D, F, H) summarize neuropile defects of corresponding mutants to the left. In wild type (A, B), there are four clusters of pioneer cells
(P1±P4) in the protocerebrum; one large cluster (D/T) pioneers the cervical connective toward the ventral ganglion (VG). In addition to
these clusters, FasII is expressed in the optic lobe (ol; out of focus in A), the larval eye, or Bolwig's organ (BO), and the frontal connective
(fc), which carries axons from the stomatogastric nervous system (SNS). Other axon tracts of the procephalon which do not express Fas
II are the nerves of the labral sensory organ (LSO) and the hypopharyngeal sensory organ (HSO), which join the frontal connective, and
axons from the antennal sensory organ (AO), which enter the neuropile between D/T and P1. In tll (C, D), the protocerebrum is almost
entirely deleted, as evidenced by the absence of the P1 ±4 clusters. A rudimentary optic lobe (ol) is located dorsal of the protocerebrum.
In otd (E, F), only part of P3 is left in the protocerebrum; no supraesophageal commissure forms. There are also defects in the deuterocere-
brum (out of plane of focus). In btd (G, H) the D/T cluster is missing; consecutively, the cervical connective does not form (arrow).
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Chu-LaGraff, Q., and Doe, C. Q. (1993). Neuroblast speci®cationmarkers en or wg. Thus, otd covers the neuroblasts of the
and formation regulated by wingless in the Drosophial CNS.anterior/dorsal part of the antennal segment and most of
Science 261, 1594±1597.the acron. ems is expressed in subsets of neuroblasts inside
Cohen, S. M., and JuÈ rgens, G. (1990). Mediation of Drosophila headthe antennal and intercalary segment; btd becomes re-
development by gap-like segmentation genes. Nature 346, 482±stricted to an anterior-dorsal patch, partially overlapping
485.
with the dorsomedial protocerebral domain of the brain Cohen, S. M., and JuÈ rgens, G. (1991). Drosophila headlines. Trends
(Pdm). In tll and otd mutants, defects in the brain neuroblast Genet. 7, 267±272.
map are coincidental with the ``late'' expression pattern of Dalton, D., Chadwick, R., and McGinnis, W. (1989). Expression and
these genes. Thus, in tll, most neuroblasts of the protocere- embryonic function of empty spiracles: A Drosophila homeobox
brum are deleted; in otd, defects are found in the protocere- gene with two patterning functions on the anterior-posterior axis
of the embryo. Genes Dev. 3, 1940±1956.brum and the adjacent part of the deuterocerebrum. Defects
Doe, C. Q. (1992). Molecular markers for identi®ed neuroblasts andin ems and btd spatially exceed the relatively small late
ganglion mother cells in the Drosophila nervous system. Devel-expression domain of these genes. Thus, btd mutant em-
opment 116, 855±863.bryos lack most structures of the deuterocerebrum and tri-
Ellis, H. M., Spann, D. R., and Posakony, J. W. (1990). extramac-tocerebrum, although the gene, from stage 7 (gastrulation)
rochaete, a negative regulator of sensory organ development inonward, is only expressed in small cell groups which do
Drosophila, de®nes a new class of helix-loop-helix proteins. Cell
not seem to include any neural progenitors of deutero- and 61, 27 ±38.
tritocerebrum. It has to be postulated that the widespread Finkelstein, R., and Perrimon, N. (1990). The orthodenticle gene
early expression of btd, which fully includes the antennal is regulated by bicoid and torso and speci®es Drosophila head
and intercalary segment and, in addition, the mandibular development. Nature 346, 485±488.
segment, is responsible for the defects seen in loss-of-func- Garrell, J., and Modolell, J. (1990). The Drosophila extramacrochae-
tae locus, an antagonist of proneural genes that, like these genes,tion mutants. Experiments using temporally restricted ex-
encodes a helix-loop-helix protein. Cell 61, 39±48.pression of the head gap genes are required to de®nitively
Ghysen, A., and Dambly-Chaudiere, C. (1989). Genesis of the Dro-establish the relationship between the expression and the
sophila peripheral nervous system. Trends Genet. 5, 251±255.requirement of these genes.
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